Introduction
Gallium oxide (Ga 2 O 3 ) is a material that has both a large band-gap energy and electrical conductivity. Five poly-types, namely, α, β, γ, δ, and ε, have been reported as crystal structures, and the β type is the most stable among them. 1) The crystal structure of β-Ga 2 O 3 belongs to the monoclinic crystal system and is called the β-gallia structure. The reported band-gap energies of β-Ga 2 O 3 are in the range between 4.5 and 4.9 eV. [2] [3] [4] Until recently, there have been few reports concerning device applications. These included reports on using polycrystal β-Ga 2 O 3 in gas sensors, [5] [6] [7] transparent conductive films, 8) and thin-film transistors 9) (TFTs). There were also reports on using single-crystal β-Ga 2 O 3 in UV optical detectors [10] [11] [12] and as substrates for light-emitting diodes 13) (LEDs). However, the situation has been changing owing to progress in the development of Schottky barrier diodes [14] [15] [16] [17] and field-effect transistors [18] [19] [20] [21] for power electronics applications. Furthermore, gallium nitride (GaN)-based blue LEDs fabricated on β-Ga 2 O 3 have shown good performance and are another possible commercial application of this material. 22) β-Ga 2 O 3 can be grown from a melt source; therefore, its growth rate is high. This means it has a lower production cost than other wide-band-gap semiconductor materials such as silicon carbide (SiC), GaN, aluminum nitride (AlN), and diamond (C), whose growth rates are relatively low because they can only be grown from diluted vapor sources. The melting point of β-Ga 2 O 3 under atmospheric pressure is around 1800°C. 23) Various melt growth methods have been reported, namely, the Bernoulli process, 24, 25) floating zone (FZ) process, [26] [27] [28] [29] [30] [31] [32] Czochralski process, 23, 33, 34) and edgedefined film-fed growth (EFG) process.
35) The n-type carrier concentration has been reported to be controllable by using silicon (Si) as an impurity element in the FZ process. 36) However, there has been no report in which the size, doping controllability, and crystal quality were all sufficient for device applications.
In this paper, we report on the growth of large and highquality β-Ga 2 O 3 single crystals by the EFG process. Residual impurities, doping controllability, and crystal defects were investigated, and the results show that β-Ga 2 O 3 single crystals can be fabricated with sufficient quality for semiconductor device applications. The effect of thermal annealing on the electrical properties was also investigated to clarify the method of stabilizing the donor concentration.
Experimental methods
β-Ga 2 O 3 bulk crystals were mainly grown using the EFG process. A schematic drawing of this process is shown in Fig. 1 . 5N-grade Ga 2 O 3 powder was used as the source material. To intentionally grow doped n-type crystals, tin dioxide (SnO 2 ) powder or silicon dioxide (SiO 2 ) powder was added to the Ga 2 O 3 powder. The source powder was placed in a crucible made of iridium (Ir) together with an iridium die. The growth pressure was atmospheric pressure and the growth atmosphere was a mixture of 98% nitrogen and 2% oxygen gas. The heating was carried out using a radio-frequency (RF) induction coil. When the temperature reached the melting point of β-Ga 2 O 3 , the melt moved up through a slit in the iridium die by capillary action and reached the top surface of the die. The crystal growth was initiated by placing a β-Ga 2 O 3 seed crystal in contact with the melt on the top surface of the die. In the EFG method, the shape of the grown crystal is usually determined by the shape of the top surface of the die, which in our study was rectangular with dimensions of 2.4 × 60, 18 × 60, and 6 × 110 mm 2 . After making contact with the seed, the crystal grew on the die top surface. The growth direction and the principal surface were set to be the [010] direction and the ð 201Þ plane of the β-Ga 2 O 3 crystal, respectively. The growth rate was adjusted to 15 mm=h.
We also grew β-Ga 2 O 3 bulk crystals using the FZ process. The FZ-grown crystals were used only to investigate the effect of annealing on the electrical properties. The source materials were the same as those used for EFG. The growth pressure was atmospheric pressure and the growth atmosphere was oxygen. The heating was carried out by using four sets of halogen lamps and ellipsoid mirrors. The growth direction was [010] and the growth rate was 6 mm=h. The crystals were 10 mm in diameter and 50 mm in length.
The EFG-grown β-Ga 2 O 3 bulk crystals were processed into the form of semiconductor substrates. The crystals were annealed in nitrogen ambient at 1450°C for 6 h to reduce residual stress in the crystal and to achieve the full activation of donors before the substrate fabrication process. The donor activation was based on the knowledge described in Sect. 3.4. In this process, we used a blade saw, a multiple wire saw, an electrical discharge wire saw, a grinder, a polisher, and a chemical mechanical polishing (CMP) machine.
The impurities contained in the Ga 2 O 3 source powder and in the grown crystal were analyzed by glow discharge mass spectrometry (GDMS). A secondary ion mass spectroscopy (SIMS) measurement was carried out to determine the concentration of impurity elements. The effective donor concentration (N d − N a ) was calculated from the results of capacitance-voltage (C-V ) measurements performed with an electrochemical capacitance voltage profiler (ECVPro) from Nanometrics.
37) The twin boundaries and crystal quality were investigated using X-ray diffraction of the copper Kα 1 line. A polarization microscope was used to observe the twin boundaries. Etch pits were formed by dipping the samples in phosphoric acid (H 3 PO 4 ) heated at 130°C. Before etch pit formation, the damaged layer at the surface was removed by inductively coupled plasma reactive ion etching (ICPRIE). Transmission electron microscopy (TEM) was carried out to observe dislocations under the pits.
Results and discussion

Appearance of EFG-grown crystals and substrates
The EFG-grown β-Ga 2 O 3 bulk crystal was cut perpendicular to the [010] direction and was shaped into a flat hexagonal prism with a length of 55 mm, width of 60 mm, and thickness of 18 mm. Figure 2 shows a photograph of a sample after cutting. The principal plane was ð 201Þ and the cross section was the (010) plane. The (100) planes appeared as facets formed during growth. Figure 3 shows photographs of the processed β-Ga 2 O 3 substrates. The substrates were 10 × 15 mm 2 (10 × 15), 2 in. in diameter, and 4 in. in diameter. The surface orientation was ð 201Þ, (010), or (001) for the 10 × 15 substrates but only ð 201Þ for 2 and 4 in. substrates. The 10 × 15 and 2 in. substrates were made from the bulk crystal shown in Fig. 2 , while the 4 in. substrates were made from a larger bulk crystal with a length of 110 mm, width of 110 mm, and thickness of 6 mm. It should be emphasized that the crystals did not contain any twin boundaries. This will be discussed later in Sect. 3.3.
Residual impurities and n-type doping
We examined what residual impurity elements were included in the Ga 2 O 3 source powder and the EFG-grown crystals by performing GDMS and SIMS measurements. Unintentionally doped (UID) and Sn-doped crystals were investigated. For the UID crystal, points near the center in the thickness direction and near the surface were measured. Table I lists the results of the GDMS measurement. Only elements detected in either the source powder or the grown crystals are shown in the table. The major residual impurity elements unintentionally contained in the crystal were found to be silicon (Si) and Ir. Since Si was the element with the second largest concentration in the source powder, it is considered that the Si detected in the grown crystal originated from the source powder. Meanwhile, the Ir probably originated from the crucible as it was made of Ir.
The amounts of Si detected in the crystal were about 2 wt ppm, corresponding to an atomic concentration of 2.5 × at three different points near the center. Meanwhile, the C-V measurements showed that the UID crystal had n-type characteristics, and the N d − N a value was 2 × 10 17 cm
. Si is known to act as a shallow donor in β-Ga 2 O 3 .
36) It seems reasonable that the n-type characteristics of the UID crystal emerge because of the residual Si. For the measured point near the surface of the UID crystal, the amount of Ir in terms of weight ppm was more than that of Si, but in terms of the atomic concentration per unit volume, the Si concentration was higher. Therefore, we concluded that the electrical properties were also governed by the Si concentration for the point near the surface. It is not known how Ir affects the electrical properties of Ga 2 O 3 .
Next, we investigated intentional n-type doping by using SnO 2 and SiO 2 in the EFG process. Figure 4 . The grown crystals with high Si concentrations had voids and cracks. The lower limit of N d − N a was about 2 × 10 17 cm −3 . As mentioned above, the lower limit was simply governed by the residual Si concentration, which was determined by the purity of the source material.
Crystal defects
Both the EFG and FZ growth of β-Ga 2 O 3 crystals can easily generate twin boundaries. Figure 5 (a) shows a photograph of an EFG-grown crystal with high-density twin boundaries. We can see a striped pattern parallel to the growth direction consisting of a whitish area and a transparent area on the principal plane of the crystal. X-ray diffraction measurements were carried out to investigate the crystal orientation of each area. It was found that the whitish area corresponded to the ð 10 1Þ plane and the transparent area corresponded to the ð 201Þ plane. The difference in the external appearances of the two areas is considered to originate from the difference in their chemical properties. Figure 5(b) shows a polarization microscopy image of the (010) cross section of another sample including several twin boundaries. There are black areas and white areas in this image. Since the brightness of the polarization microscopy image changes with the crystal orientation owing to the anisotropic optical properties of the Ga 2 O 3 crystals, each area corresponds to a different crystal orientation. This is consistent with the results of the X-ray diffraction measurements for the principal plane. From Fig. 5(b) , it can be seen that the boundaries are parallel to the (100) plane formed on the left side during growth. From the observations described above, the structure of the boundary can be deduced as shown in Fig. 6 . The boundary is a mirror plane consisting of a common (100) plane on both sides. One can easily confirm that the ð 201Þ plane on the left side is parallel to the ð 10 1Þ plane on the right side in Fig. 6 . The density of twin boundaries sensitively depended on how the radio-frequency power from the induction coil was decreased during the widening of the crystal at the initial stage of growth, i.e., during the so-called shouldering process. Once the twin boundary was generated in the shouldering process, it remained in the growing crystal and never disappeared. By optimizing the shouldering process, it becomes possible to grow crystals without any twin boundaries, as shown in Fig. 2 .
The dislocation density was estimated by investigating the density of etch pits. Three samples were prepared: a 2 in. ð 201Þ substrate, a 10 × 15 (010) substrate, and a 10 × 15 (001) substrate. The region under the sample surface was first removed to a depth 10 µm by ICPRIE using boron trichloride (BCl 3 ) to eliminate the effect of the damaged layer generated by polishing. Then, the substrates were dipped in H 3 PO 4 heated at 130°C for 2 h to form etch pits. Figure 7(a) shows images of the etch pits at five different points in the 2 in. ð 201Þ substrate schematically shown in Fig. 7(b) . We observed two kinds of pits: small ones and line-shaped ones. Most of the pits were small. The density of the small pits was between 1 × 10 3 and 1 × 10 4 cm −2 . TEM observation clarified that dislocations existed under the small pits.
38) The number density of the line-shaped pits was one order of magnitude smaller than that of the small pits. The origin of the lineshaped pits has not yet been clarified. For the (010) substrate, two types of etch pits were observed with the pit densities of the major and minor types on the order of 10 3 and 10 2 cm −2 , respectively. For the (001) substrate, only one type of etch pit was observed with a pit density on the order of 10 3 cm −2 . From these results, the dislocation density in the bulk β-Ga 2 O 3 crystal was estimated to be on the order of 10 3 cm −2 . Figure 8 shows the X-ray rocking curve for the ð 402Þ diffraction of the 2 in. ð 201Þ substrate. The full width at half maximum (FWHM) was as narrow as 17 arcsec. The narrow FWHM is consistent with the low dislocation density described above.
Effect of annealing on electrical properties
We intensively investigated the effect of annealing on the electrical properties by using a Si-doped FZ-grown β-Ga 2 O 3 crystal. Figure 9 shows the relationship between the Si concentration and N d − N a for samples annealed in nitrogen at 800 or 1000°C for 30-180 min, as well as for samples annealed in oxygen at 1150°C for 30-180 min. For samples 39) and Galazka et al. 34) reported the similar formation of a surface insulating layer. Next, we annealed a sample with a Si concentration of 8 × 10 17 cm −3 in nitrogen ambient for on 1 h, then in oxygen ambient for 6 h, and finally in nitrogen ambient again for 3 h, all the while investigating the changes in N d − N a . The C-V measurement was performed after every hour of annealing. Figure 10 shows the results. After the first annealing in nitrogen, and remained at this low value during the rest of the annealing in oxygen. A surface insulating layer with thickness on the order of 100 nm was also observed to form in this experiment during oxygen annealing. As a result of the third annealing in nitrogen, N d − N a increased and reached its initial value of around 8 × 10 17 cm −3 again. Galazka et al. reported similar results, although their annealing ambients were oxygen and hydrogen. 34) They observed a reduction in carrier concentration after annealing in oxygen and an increase after annealing in hydrogen.
We observed the same behavior for the Sn-doped and Si-doped EFG-grown β-Ga 2 O 3 crystals. Therefore, in the substrate fabrication process from the EFG-grown crystals, we include the annealing process in nitrogen ambient to stably make N d − N a almost the same as the dopant concentration. We also observed that the annealing of the EFGgrown crystal in oxygen ambient decreased N d − N a in the inner part and formed a surface insulating layer.
It is reasonable to consider that the annealing in nitrogen ambient introduces oxygen vacancies in the crystals. We observed that N d − N a for the samples annealed in nitrogen is almost the same as the dopant concentration. One possible mechanism is that an impurity-vacancy complex consisting of a dopant element and oxygen vacancies acts as a shallow donor. However, further study is needed to confirm this hypothesis. Meanwhile, N d − N a did not depend on the Si concentration for the crystal annealed in oxygen ambient. There is as yet no experimental report dealing with the origin of the donors in samples annealed in oxygen ambient.
Conclusions
β-Ga 2 O 3 bulk crystals were grown by EFG and FZ. EFGgrown bulk crystals containing no twin boundaries were demonstrated. The crystals were processed into the form of a semiconductor substrate of size up to 4 in. in diameter. It was shown that Si was the main residual impurity in the EFGgrown crystals and that N d − N a for the UID crystals was governed by the Si content. Intentional n-type doping in EFG was found to be possible by using SnO 2 or SiO 2 as a dopant source. It was pointed out that twin boundaries were easily generated in β-Ga 2 O 3 bulk growth. The structure of the boundary was identified to be a twin boundary with the (100) plane as the mirror plane. The etch pit observation revealed that the dislocation density was on the order of 10 3 cm −3 . The effect of annealing on N d − N a was investigated by using FZgrown Si-doped crystals. N d − N a was almost the same as the Si concentration for the samples annealed in nitrogen ambient, while it was around 1 × 10 17 cm −3 and independent of the Si concentration for the samples annealed in oxygen ambient.
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